We report here results of a systematic investigation regarding the incorporation of 99 , metal cation. In this study, we used the following Ln cations: Pr, Nd, Sm, Gd and Lu. The goal in this preliminary study was to characterize and quantify the range of stability of the lanthanum technetium pyrochlore oxide phase. Powder X-ray diffraction (XRD) and Rietveld analysis was used to characterize the crystalline phase content, while scanning electron microscopy (SEM) was used to characterize the microstructure and homogeneity of the Ln-Tc pyrochlore specimens. All of the pyrochlore samples exhibited good crystallinity and their lattice parameters could be refined with remarkable accuracy. Low refinement residuals (R Bragg ) of 1.1-3.1% were achieved. The refined, cubic lattice parameters ranged from 1.0447156 (83) 
1. Introduction
Background
Technetium (Tc) is an artificial element produced by nuclear fission, spallation, or other transmutation processes. There are three long-lived isotopes of Tc: 97 Tc, 98 Tc, and 99 Tc, the most important from a nuclear waste perspective being 99 Tc (half-life, t 1/2 = 2.13 Â 10 5 years). 99 Tc is one of the most abundant, long-lived radiotoxic isotopes in used nuclear fuel (UNF). As such, it is targeted in UNF separation strategies such as UREX + [1] , for isolation and encapsulation in solid waste forms for storage in a nuclear repository. The electronic structure for elemental Tc 0 is [Kr] 4d 5 5s 2 .
However, Tc has also been found in the following oxidation states: 0, +2, +4, +5, +6, and +7 [2] . In terms of compound formation, the preferred valence for Tc is +7. Tc 7+ possesses a [Kr] noble gas electronic configuration. Tc reacts with oxygen to form the heptoxide, 
The TcO À 4 pertechnetate ion is a highly-mobile aqueous species. Consequently, it is a potential threat to the biosphere. Note that the technetium in the pertechnetate ion is in oxidation state Tc 7+ . Immobilization of Tc in a durable solid waste form is a challenge of great importance to the nuclear waste community. To date, scientists have investigated immobilization of Tc in both metallic waste forms (e.g., Tc-Zr alloys [3] ), and borosilicate-based waste glass [4] . Metals are worrisome in that they are susceptible to oxidation, while glass is a metastable form of matter and may be prone to both structural changes and dissolution in an aqueous environment. In the technical process to vitrify high-level radioactive waste effluents, part of the technetium inventory will be oxidized or will be subject to disproportionation and will consequently volatilize as heptoxide. An alternative idea for immobilizing Tc is to incorporate the cation in a solid state refractory oxide with a reduced valence state. In so doing, it may be possible to avoid [5] . TcO 2 incorporates Tc 4+ cations in octahedral (6-fold, VI) coordination in the MoO 2 crystal structure type, which is isostructural with the monoclinic mineral tugarinovite (MoO 2 , space group P2 1 /n) and can be described as a distorted rutile-type structure [6] . a possible substitution cation in various ferrimagnetic structures [7] . From energy level considerations, Tc 4+ has a strong crystallographic octahedral (VI) site preference. This is important in complex, multi-component oxides, which are typically characterized by a multiplicity of crystallographic cation sites. Prior to this study, Muller et al. [7] successfully synthesised several complex oxides including spinel, perovskite and pyrochlore compounds. The purpose of this study is to perform a systematic investigation of the incorporation of Tc into pyrochlore oxide structures, Ln 2 Tc 2 O 7 , where Ln represents trivalent lanthanide (rare earth) Ln 3+ cations, while Tc is a tetravalent, Tc 4+ , metal cation. Pyrochlore compounds are high-melting temperature oxides and are recognized for their durability [8] . Interestingly, in a complex oxide such as a pyrochlore, two or more fission products may be incorporated simultaneously into the same crystal structure. For instance, neodymium (Nd), a prominent lanthanide fission product, can be incorporated with Tc in a pyrochlore with formula, Nd 2 Tc 2 O 7 . This is one of the pyrochlores that was investigated in this study. [9] ). There are four distinct settings for the pyrochlore unit cell in Fd 3m [10] . 1 We will adopt the one in which the A cations are situated at the origin. Using this description, A cations reside at Wyckoff equipoint 16c (0, 0, 0), wherein the selected origin in Fd 3m possesses point symmetry 3m. B cations reside at equipoint 16d À Á . The parameter, x, is an oxygen sublattice distortion parameter, which will be discussed later. Since O anions occupy two distinct sites in pyrochlore, the pyrochlore formula is often rewritten as A 2 B 2 O 6 O 0 , where O represents 48f oxygen anions, while O 0 represents 8a oxygen anions. The pyrochlore structure is considered to be a derivative of the fluorite (CaF 2 ) crystal structure. Fluorite-structured oxides (MO 2 dioxides, where M represents a metal cation) consist of a face-centered cubic (fcc) cation sublattice with an interpenetrating simple cubic oxygen (anion) sublattice. In pyrochlore, the cubic lattice parameter is about doubled compared to the parent fluorite lattice, due to a super-periodic ordering of A and B cations on the fcc cation sublattice, as well as to ordering of ''vacancies'' on the simple cubic anion sublattice. 2 The anion vacancies arise from a deficiency of oxygen in M 4 O 7 (MO 1.75 ) pyrochlore, compared with ideal, MO 2 fluorite. Fluorite oxide lattice parameters are typically near a = 0.5 nm, while pyrochlore oxide lattice parameters are near a = 1.0 nm. The A cations in pyrochlore are 8-fold (VIII) coordinated while B cations are 6-fold (VI) coordinated by nearest neighbor O anions. The A and B coordination polyhedra are not ideal (regular cubic and regular octahedral, respectively), due to the distorted oxygen sublattice mentioned earlier. O anions are 4-fold (IV) coordinated with respect to nearest neighbor A and B cations.
Experimental procedure

Preparation of TcO 2
Ammonium-pertechnetate (NH 4 TcO 4 ) was obtained from Oak Ridge National Laboratory and had to be purified before further use. The obtained (dark) NH 4 TcO 4 was purified through a treatment with ammonium hydroxide and hydrogen peroxide of the aqueous solution followed by evaporation to dryness. Freshly crystallized ammonium-pertechnetate (white powder) was used as precursor to obtain anhydrous crystalline TcO 2 by thermal decomposition of NH 4 The dry powder mixtures were wrapped in 0.025 mm thick platinum foil (Alfa Aesar, 99.9%) and folded to 10 mm Â 40 mm cold sealed envelopes. These envelopes were sealed in $200 mm silica ampoules under vacuum. After decontamination, the ampoules were inserted in a tube furnace and annealed at 1150°C for 48 h under a constant flow of argon (99.99%). The samples were removed after the furnace cooled down to 400°C. The ampoules were opened, the Pt envelopes unfolded, and the powders analyzed.
Characterization of Ln-Tc pyrochlores
Powder X-ray diffraction (XRD) and Rietveld analysis were used to determine and characterize the crystalline phase content of the Ln-Tc oxide samples. For these measurements, $30 mg of specimens were ground in an agate mortar and mixed with $6 mg of silicon line standard (NIST SRM 640c, a = 0.54311964(92) nm). This mixture was placed as a thin layer on a silicon wafer-type low background sample holder with the aid of ethanol. Powder XRD patterns were obtained from each specimen using collection angles 1 With the unit cell origin at a position with 3m point symmetry, one can either place B or A cations at the origin (Wyckoff equipoint 16c). With the origin at a position with 43m point symmetry, one can either place an oxygen anion (O 0 ) or a vacancy (V) at the origin (Wyckoff equipoint 8a). 2 The ''vacancies'' on the oxygen sublattice are not real vacancies. Strictly speaking, these crystal sites do not belong to either the anion or cation sublattices. They are merely interstices in the pyrochlore structure. However, because these empty sites coincide with anion (O) sites in the ideal, MO 2 fluorite structure, it is conventional to think of these sites as vacant (V) anion sites.
ranging from 10°to 120°(step size 0.008°2h). These measurements were performed using Cu Ka 1/2 emission on a PANalytical X'Pert Pro equipped with an X'Celerator Ò silicon strip detector. The data were analyzed using Rietveld analysis (Bruker AXS, Topas 3.0). For improved fitting of the diffracted X-ray peak profiles for Si standard and the Ln-Tc pyrochlore phases analytical pseudo-Voigt profile functions were used.
Scanning electron microscopy (SEM) was used to characterize the microstructure and homogeneity of the synthesized Ln-Tc pyrochlore specimens using a JEOL JSM 5610 SEM. SEM sample preparation involved embedding a few milligrams of each Ln-Tc oxide sample in a low-viscosity epoxy-type resin. The mounts were ground and polished to a mirror finish.
Results
The sintered specimens in the Ln-Tc pyrochlore systems were analyzed by powder XRD combined with Rietveld analysis to determine the crystalline phase content of each sample, as well as to obtain accurate lattice parameters. SEM was used to characterize sample microstructures and to provide information regarding chemical homogeneity.
X-ray powder diffraction (XRD)
Powder XRD measurements revealed pyrochlore-type phases in all of the binary Ln 2 O 3 -TcO 2 oxide systems examined in this report, i.e., for Ln = Pr, Nd, Sm, Gd, and Lu. Using the diffraction patterns obtained from each oxide sample, the lattice parameters of the Ln-Tc pyrochlores were refined to high accuracy ( Table 1) .
The syntheses of pyrochlore phases in the systems Ln 2 O 3 -TcO 2 for Ln = Pr, Nd, Sm, and Gd were successful with a typical yield of 95%. We also typically found 1 to 4 wt.% crystalline impurities of the end-member oxides, Ln 2 O 3 and TcO 2 . The synthesis of Lu 2 Tc 2 O 7 was successful as well. However, because of an apparent TcO 2 loss due to an imperfect seal and crystallization of the glass while sintering, the remaining un-reacted Lu 2 O 3 concentration exceeded 20 wt.%. The refinement residuals (R Bragg ) for the pyrochlore phases varied from 1.1% to 3.1%. These are very low residuals, indicating excellent agreement between calculated and observed diffracted intensities. The pyrochlore phases exhibited good crystallinity and the lattice parameters of the fcc phases could be refined with remarkable accuracies, ranging from ±6 to ±22 fm (10 À15 m), yielding an average uncertainty of ±13 fm. The refinement residuals (R Wp ) for the overall patterns were between 5% and 11.4%, and averaging 9.2%. These are acceptably low values considering the unmatched background intensity generated by the Kapton Ò window and the grow-in of an unknown phase (probably Ln-silicates). More details regarding the evolution of d-spacings for each pyrochlore phase are listed in Table 2 .
The d-spacings in the Ln 2 O 3 -TcO 2 (Ln = Pr, Nd, Sm, Gd, and Lu) pyrochlore phases decrease steadily from lighter lanthanides pyrochlores (e.g. Pr) to heavier lanthanide pyrochlores (e.g. Lu). This is not surprising considering the fcc space group of the pyrochlores. The steady shifts in the d-spacings are further visualized in Fig. 1 , where the uncorrected and unrefined patterns of the five synthesized pyrochlore phases are plotted.
In the series of Ln-Tc pyrochlore phases examined in this report, Nd 2 Tc 2 O 7 will certainly command the most attention, because neodymium is based on fission yields, the most prominent lanthanide generated in reactors during the fissioning of 235 U while applying thermal-or fast neutron spectra. We have demonstrated here successful synthesis of Nd 2 Tc 2 O 7 by applying a fairly simple and upscalable synthesis route. This technique offers the opportunity to stabilize and immobilize the oxides of two major fission products, TcO 2 and Nd 2 O 3 , in what we believe is a highly durable host phase. We anticipate good radiation tolerance (against b-decay) and good chemical stability under typical repository storage conditions. In the near future, we will be investigating Tc pyrochlore chemical and radiation stability in detail.
Scanning electron microscopy
SEM observations revealed that all of the pyrochlore specimens produced in this study possess high degrees of open porosity, as well as spongy, worm-hole-type microstructures. The microstructures are dominated by small, 1-4 lm particles, as well as larger, up to 50 lm aggregates with high porosity (Fig. 2) . The pyrochlore particles exhibit good chemical homogeneity. In addition, formation of different chemical domains was not observed. The observation of the spongy microstructure with high open porosity is not surprising since the small sample sizes of $50 mg each prohibited the pressing of green pellets prior to sintering. As sintering progressed, SEM observations indicate that the grains experienced necking and interdiffusion. Nevertheless, full densification was not achieved.
Electron probe microanalysis (EPMA) was performed as part of the SEM characterization in order to determine the stoichiometry of the Ln-Tc pyrochlore specimens. The porous nature of the particles made it impossible to collect high quality EPMA data. Thus, our elemental totals ranged from 86 wt.% to 89 wt.%, with large scatter in the calculated oxide content of our samples.
Discussion
[Please note that in the following discussion, A and Ln are interchangeable, as are B and Tc.]
In this section, we examine trends in the measured crystal structures for the Ln 2 Tc 2 O 7 compounds investigated in this study. To facilitate this discussion, we will introduce some additional important features of the pyrochlore crystal structure. Fig. 3a shows the measured unit cell lattice parameter, a, for the Ln 2 Tc 2 O 7 compounds examined in this study as a function of Ln 3+ ionic radius, based on the VIII-fold Ln 3+ radii according to Shannon [11] . This data can be fit to a linear dependence of lattice parameter versus lanthanide ionic radius, given by: In Fig. 3b , we compare the technetate pyrochlore lattice parameter trend obtained from this study with the experimental trends from the literature for titanate pyrochlores [12] , ruthenate pyrochlores [13] , technetate pyrochlores [7] , and stannate pyrochlores [14] . The experimental technetate pyrochlore a parameters fall generally between the ruthenate and stannate a parameters, as expected based on the ionic radii. According to Shannon [11] , the VI-fold, tetravalent ionic radii are as follows: Ti 4+ (VI), 60. Sm to Ce. The maximum difference between DFT versus XRD lattice parameters is 8.6 pm (or 0.82%), which occurs for Ln = Pr (Ce was not examined in this study, but presumably the maximum pyrochlores. The next step in analyzing the pyrochlore crystal structure is to assess the oxygen deviation parameter, x. Rietveld refinements of XRD patterns obtained from each of our Ln 2 Tc 2 O 7 pyrochlores did not show a systematic trend in x; instead the x-values were sporadic with increasing lattice parameter, a. The reason that the experimental results do not follow a simple trend is that X-ray diffraction is relatively insensitive to light elements such as oxygen, so the crystal structure refinements do not refine the oxygen positional parameters with much accuracy (other parameters, such as thermal vibration parameters, tend to control the refinements). In principle, this problem can be alleviated by performing neutron diffraction experiments, where the neutrons are much more sensitive to oxygen atoms. This is a plan for future studies on our Ln 2 Tc 2 O 7 pyrochlores. However, for the remainder of this discussion, we will use the x-parameters that we obtained from DFT simulations of a number of technetate pyrochlore compounds, which show a consistent trend, wherein x increases monotonically as a increases. Fig. 4 shows the DFT x-parameters for each of the Ln 2 Tc 2 O 7 compounds, plotted as a function of the measured (XRD) lattice parameter, a. The DFT x-parameter results seem reasonable, based on the assumption that the oxygen sublattice should deviate more from ideality (i.e., from a fluorite-like anion sublattice) as the disparity between the ionic sizes of Tc 4+ and Ln 3+ increases.
Lattice parameters, bond lengths, angles, and ionic radii
The pyrochlore crystal structure can be described as consisting of three fundamental structural units, as shown in 
The value D = 0 represents an ideal, ''fluorite-like'' oxygen sublattice (simple cubic O lattice; B cations in regular cube geometry, with respect to the nearest neighbor O anions). The maximum possible oxygen displacement, D = 1/16 (0.0625), is for an ideal, ''pyrochlore-like'' oxygen sublattice (oxygen sublattice maximally distorted to place B atoms in regular octahedral geometry). These D value limits are the same, regardless of the choice of unit cell origin. 4 By accounting for the magnitude of D, and observing that the Unit I tetrahedron (Fig. 5 ) is inscribed within a cube with edges of length a/4, where a is the pyrochlore cube lattice parameter, one can calculate the bond lengths, AO, AO 0 , and BO (it is important to note that the displacement vector, D * , causes a degeneracy of bond lengths between A and O atoms, which is designated by the symbols, AO and AO 0 ), and various bond angles (e.g., \AOA, \BOB, and \AO 0 A). 6 shows the pyrochlore bond lengths, AO, BO, and AO 0 , as a function of measured lattice parameter, a. This plot shows the degeneracy of AO bonds into ''long'' (AO) and ''short'' (AO 0 ) bonds, compared to BO bonds, the latter of which are not degenerate and are equivalent to the metal-oxygen bond lengths that would occur in an ideal, fluorite-like structure. Fig. 7 shows the pyrochlore bond angles, \AOA, \BOB, and \AO 0 A, as a function of measured lattice parameter, a. The \AO 0 A bond angle (8a oxygen in structural Unit II, Fig. 5 ) is given by:
and is equivalent to all \MOM bonds in an ideal, fluorite-like pyrochlore lattice (x = 0). Upon obtaining measured bond lengths, AO, AO 0 , and BO, we can calculate hypothetical ionic radii for species A, B, O, and O 0 by several different methods. In each case, we have to assume we know the ionic radius of one species, and then we can calculate the rest. To choose a known radius, we resort again to the Shannon radius tables [11] . We have tried five different radius calculation schemes: 
In Fig. 9 , we show the ''large'' and ''small'' Ln 3+ (VIII) cationic radii, calculated using Eqs. (6a), (6b). The ''large'' Ln 3+ radii are slightly larger than the Ln 3+ Shannon radii [11] , while the ''small'' Ln 3+ radii are significantly smaller than Shannon. This analysis 
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shows that the oxygen deviation parameter, x, in pyrochlores, produces a complicated crystal structure, such that ionic radii may deviate by as much as 15% from the conventional Shannon radii. In addition, as exemplified by the degeneracy of Ln 3+ radii, the ''radius'' of an ion may not be uniquely defined. We will discuss the physical meaning of this degeneracy later. In summary,
Method (5) gives reasonable estimates for the radii of A and B cations. The Method (5) assumption that O and O 0 are equal in radius may indicate that since O 0 has a larger valence than O (according to valence calculations), O 0 may participate in more covalent bonding than does O. However, this is merely speculation at this point. corresponds to 8a oxygen (structural Unit II, Fig. 5 ). Note that in the absence of an oxygen deviation parameter (i.e. x = 0, ideal fluorite lattice), all \MOM bond angles (\AOA, \BOB, and \AO 0 A) would be equivalent to the \AO 0 Abond angle shown here (109.47°). In other words, a non-zero x-parameter causes a degeneracy in the structural Unit I bond angles to produce large \BOB and small \AOA bond angles. 
Bond valence sums
Here, we calculate bond valence sums (BVS) for the pyrochlore compounds, based on two procedures: (1) the valence sum rule (also known as the electrostatic valence rule [16] or Pauling's 2nd rule); and (2) a modified BVS using the bond valence parameters from Altermatt and Brown [17] and Brown and Altermatt [18] . The latter is more accurate for structures with irregular polyhedra, such as structural Unit I in pyrochlore (Fig. 5) . However, Pauling's rule is instructive in that it reveals that nearest neighbor oxygen ions in complex structures such as pyrochlore can be ''over'' and ''under''-bonded, compared to the ''ideal'', O 2À anion. According to Pauling's valence sum rule, the valence, V, of an anion in the structure is given by:
where n is the number of nearest neighbor cations to the central anion and S M i is the electrostatic bond strength provided by the ith nearest neighbor cation (species M), given by: is the coordination number of the ith cation (species M) (i.e., number of nearest neighbor anions). For pyrochlore we have two distinct O anions, thus two anion valences, v. For the 48f O anion (structural Unit I), Eqs. (7) and (8) In other words, each 48f O anion is over-bonded by 1/12 electrostatic unit (esu), compared with the formal valence of oxygen anions (i.e., À2). For the 8a O 0 anion (structural Unit II), Eqs. (7) and (8) 
Namely, each 8a O 0 anion is under-bonded by 1/2 esu, compared to the formal O anion valence. Nevertheless, since there are 56 oxygen atoms per pyrochlore unit cell, the average oxygen valence is given by:
Thus, the average oxygen anion has a valence of 2 esu, the same as the formal O anion valence. According to Zachariasen [19] , the over-and under-bonding of neighboring anions in a crystal lattice causes local bond length changes. Alternatively, the valence of all ions in the system (anions and cations) adjust to take on partial charge states, rather than their formal valences. The modified BVS procedure referred to above allows us to more accurately estimate these partial charges.
For crystals with irregular polyhedra, Altermatt and Brown [17] and Brown and Altermatt [18] propose to revise Eqns. (7) and (8) as follows:
where i represents an anion and j the nearest neighbor cations (n total), or vice versa; s ij is the bond valence (or bond strength) between i and j ions; d ij is the bond length between i and j ions; and r 0 and B are empirical constants that vary with each ion pair and are tabulated in Brown and Altermatt [18] . Brown and Altermatt showed that the parameter B is relatively insensitive to bond composition and suggested that a value of B = 0.37 is sufficient for most calculation purposes. We used this B value in our modified BVS calculations. We estimated the r 0 parameters for our Ln compounds using a linear fit to the limited list of r 0 (Ln-O) values given in Table 1 of Brown and Altermatt [18] . This fit is given by:
where for r VIII Ln 3þ , we used the Shannon VIII-fold Ln 3+ radii [11] . Likewise, we estimated r 0 (Tc-O) using a linear fit to the r 0 (B-O) values given in Table 1 Fig. 10 . Fig. 10 shows that O, Ln, and Tc ions exhibit relatively little variation in valence with increasing Ln cationic size. Kennedy et al. [14] suggest that this is indicative of weak covalent interactions, i.e., a high degree of ionicity in the bonds. The greatest deviation in the BVS with variation in Ln size is for the 8a O 0 anion. This suggests a higher degree of covalency for O 0 bonds, which is understandable because these are the shortest bonds in the pyrochlore structure (Fig. 6) . Finally, it is interesting to note that in these modified BVS calculations (or DFT calculations), the 8a O 0 anions are over-bonded, while the 48f O anions are under-bonded. This is the opposite trend compared with the Pauling BVS calculations shown earlier (Eqs. (9) and (10)). This may be due to the shortening of the AO 0 bond length when the oxygen deviation parameter, x, is non-zero, as in a real pyrochlore. Once again, this may be evidence that O 0 anions participate in nominally covalent bonds, compared to O anions.
We also used DFT results to estimate cation and anion valences, for comparison with our modified BVS results. Fig. 11 shows the results of a Bader analysis of ionic valence, based on DFT calculations for a number of Ln 2 Tc 2 O 7 pyrochlores. Interestingly, the Bader analysis finds the same hierarchy of anion valence, i.e., V(O 0 ) > V(O), as found using the modified BVS approach (Fig. 10) . This lends some additional credibility to the modified BVS results.
Finally, we return to the degeneracy in the Ln 3+ cationic radii that we showed in Fig. 9 . To better understand this degeneracy, it is useful to consider an additional structural unit in the pyrochlore structure, shown in Fig. 12 . Fig. 12a shows an ''un-relaxed'' fluorite-like structural unit. This unit includes the 1st nearest ) cation and likewise, the 1st nearest neighbor anion configuration around a neighboring B (Tc 4+ ) cation. The polyhedron created by 1st nearest neighbor anions around the A cation is a regular cube (VIII nearest neighbors). The polyhedron created by 1st nearest neighbor anions around the B cation is an irregular, highly-distorted octahedron, specifically a trigonal antiprism (VI nearest neighbors). In a ''relaxed'' pyrochlore (Fig. 12b) , the anions are displaced along various h1 0 0i directions by a distance Da, where D is the oxygen dilation parameter discussed earlier. The resultant distortion of the oxygen sublattice leaves each B cation closer to regular octahedral geometry, relative to its O anions. On the other hand, this distortion leaves each A cation in a much more irregular polyhedral geometry with respect to its O nearest neighbors. This, we believe, leads to a distortion of the A cation itself, such that it elongates along two collinear AO directions, but shrinks along two perpendicular, collinear AO 0 directions (as shown in Fig. 12b ). This leads to the concept of asymmetric Ln 3+ cations in Ln 2 Tc 2 O 6 O 0 pyrochlore compounds. An alternative possibility is that the Ln 3+ cations are anharmonic, in the sense that the thermal vibrational amplitudes of the Ln 3+ cations are significantly larger along collinear AO directions, compared to the corresponding perpendicular, collinear AO 0 directions. This hypothesis will need to be addressed in future crystal structure refinement studies, particularly involving neutron diffraction experiments.
Conclusion
Technetium (Tc) metal was successfully incorporated into a series of complex oxides with general composition given by Ln 2 Tc 2 O 7 (Ln = Pr, Nd, Sm, Gd, Lu). Each of these compounds was found to crystallize into a pyrochlore-type crystal structure. Within this series, X-ray diffraction (XRD) structural analyzes and Rietveld crystal structure refinements produced highly accurate lattice parameters ranging from 1. The Ln-Tc pyrochlore compounds produced in this study were investigated using XRD/Rietveld analyzes as well as with density functional theory (DFT) computer simulations. In terms of calculated versus measured lattice parameters, the DFT results are in good agreement with XRD measured lattice parameters for smaller lanthanides (Lu-Gd), but significant discrepancies arise with the larger lanthanides (Eu-Ce). Despite this fact, we used DFT calculated lattice parameters and oxygen deviation parameters (x) to calculate bond valence sums (BVS) for the pyrochlore compounds. Two BVS procedures were applied: (1) the valence sum rule and (2) a modified BVS procedure. The two methods produced different results regarding oxygen bonding. It is interesting to note that in the modified BVS calculations (or DFT calculations), the 8a O 0 anions are over-bonded, while the 48f O anions are under-bonded. On the other hand, the opposite trend was observed in the Pauling BVS calculations (the Pauling calculation is an over-simplified BVS calculation, thus, less reliable). In the series of Ln-Tc pyrochlore phases examined in this study, Nd 2 Tc 2 O 7 is noteworthy because neodymium is based on fission yields, the most prominent lanthanide generated in reactors for fissioning 235 U. In this study, we demonstrated successful synthesis of Nd 2 Tc 2 O 7, applying a fairly simple, up-scalable synthesis route. This technique offers the opportunity to stabilize and immobilize the oxides of two major fission products, Tc and Nd, in what may prove to be a highly durable crystalline oxide host phase.
